Previous research suggested that allocation of responses on concurrent schedules of wheel-running reinforcement was less sensitive to schedule differences than typically observed with more conventional reinforcers. To assess this possibility, 16 female Long Evans rats were exposed to concurrent FR FR schedules of reinforcement and the schedule value on one alternative was systematically increased. In one condition, the reinforcer on both alternatives was .1 ml of 7.5% sucrose solution; in the other, it was a 30-s opportunity to run in a wheel. Results showed that the average ratio at which greater than 90% of responses were allocated to the unchanged alternative was higher with wheel-running reinforcement. As the ratio requirement was initially increased, responding strongly shifted toward the unchanged alternative with sucrose, but not with wheel running. Instead, responding initially increased on both alternatives, then subsequently shifted toward the unchanged alternative. Furthermore, changeover responses as a percentage of total responses decreased with sucrose, but not wheel-running reinforcement. Finally, for some animals, responding on the increasing ratio alternative decreased as the ratio requirement increased, but then stopped and did not decline with further increments. The implications of these results for theories of choice are discussed.
In their investigation of the opportunity to run in a wheel as a reinforcing consequence for lever pressing on fixed-ratio schedules, Collier and Hirsch (1971) concluded that wheel running produced results ''similar in all respects to those reported when food or water are used as reinforcers for ratio schedules' ' (p. 159) . Subsequent investigations, however, suggest that the conclusion that running generates schedule effects similar to those with more conventional reinforcers was premature. Running generates longer postreinforcement pause (PRP) durations and lower response rates than typically observed with more conventional reinforcers (Belke, 1998 (Belke, , 2000a (Belke, , 2004 (Belke, , 2006a Belke, Pierce, & Duncan, 2006) . The basis for these longer PRPs and their potential to interact with reinforcement schedules remains to be determined. Furthermore, lever-pressing rates may vary as a function of changes in wheel-running rates within a session (Belke, 2000b) .
More recently, the investigation of the properties of wheel-running reinforcement was extended to concurrent schedules of reinforcement. Belke and Belliveau (2001) investigated choice between alternatives providing wheel-running reinforcement on concurrent variable-interval (VI) schedules when relative rates of reinforcement were varied. The reinforcer on both alternatives was the opportunity to run for 15 s. Matching law analyses revealed mean slopes for time and response allocation of 0.82 and 0.60. While the slope for time allocation was similar to that observed with more conventional reinforcers (e.g., food; see Baum, 1979) , the slope for response allocation was much lower. Belke and Belliveau suggested that the lower sensitivity for responses was due to a low response rate, high changeover rate, and long postreinforcement pauses. In terms of the first two factors, a low response rate and high rate of changeovers, the investigators noted that changeover responses constituted one fourth to one third of all responses. When response allocation was corrected by removing changeover responses, the mean slope for response allocation increased to 0.84. With respect to the third factor, the authors noted that long pauses might also have produced the lower sensitivity for response allocation; however, there was no way to correct for this factor since postreinforcement pauses were not measured. Belke et al. (2006) exposed rats to the same series of concurrent variable-ratio (VR) schedules with wheel-running reinforcement on both alternatives, sucrose reinforcement on both alternatives, and wheel running on one alternative and sucrose on the other. Rats were exposed to conc VR 10 VR 10, conc VR 5 VR 20, and conc VR 20 VR 5 schedules with each set of reinforcers. Across these three schedule pairs, with wheel running as the reinforcer on both alternatives, mean response proportions on an alternative were 0.42, 0.28, and 0.74; with sucrose as the reinforcer on both alternatives, the equivalent values were 0.43, 0.22, and 0.79. Analysis of the differences showed that the shifts in preference in response to the changes in ratio requirements were greater with sucrose as the reinforcer. This led to the anomalous conclusion from a behavioral economic analysis that sucrose is a better substitute for sucrose than is wheel running for wheel running.
In addition, as observed by Belke and Belliveau (2001) , changeovers constituted a substantial percentage of the total responses when wheel running was the reinforcer on both alternatives. Across the conc VR 10 VR 10, conc VR 5 VR 20, and conc VR 20 VR 5 conditions, 28.7, 29.2, and 29.4% of responses were changeover responses. In contrast, with sucrose solution on both alternatives, the equivalent percentages were 16.0, 12.0, and 12.4%. When the reinforcers on each alternative differed, the equivalent percentages were 29.0% (Sucrose VR 10 -Wheel VR 10), 19.3% , and 27.2% . When the response requirement for sucrose decreased to VR 5, 65% of responses were allocated to this alternative and the percentage of responses that were changeovers decreased. In contrast, when the response requirement for wheel running decreased to VR 5, only 50% of responses were allocated to the wheel-running alternative and the percentage of responses that were changeovers remained relatively unchanged.
Since rate of changeovers is related to sensitivity to the difference in reinforcement contingencies between alternatives (Baum, 1974 (Baum, , 1979 , these data suggest that rats may be less sensitive to differences between reinforcement schedules on concurrent schedules when the reinforcer is wheel running. One possibility, according to the contingency discriminability model (Davison & Jenkins, 1985) is that rats less accurately attribute reinforcers to response alternatives when wheel running is the reinforcer and this confusion affects response allocation. The model is specified by the following equation (Jones & Davison, 1998) :
B 1 and B 2 represent behavior allocated to two alternative sources of reinforcement, respectively. R 1 and R 2 represent reinforcers obtained from these alternatives. Bias toward one alternative based on a factor other than the relative rate of reinforcement is represented by c and the parameter p is an index of ''proportional confusion (the inverse of discriminability) between the two reinforcer contingencies'' (Davison & Jones, 1995, p. 148) . The value of p varies between 0 (no confusion) and .5 (complete confusion). According to Davison and Jenkins, the contingency discriminability model describes behavior allocation on concurrent interval schedules as well as, if not better than, the generalized matching law (Baum, 1974) and provides an explanation for deviations from strict matching (i.e., undermatching, overmatching). The higher percentage of total responses that are changeovers when wheel running is the reinforcer could be a product of this inaccurate attribution of reinforcers to their respective alternatives. In addition, although the mechanism is not clear, the longer reinforcer duration and postreinforcement pause duration associated with wheel running may also contribute to reduced contingency discriminability. Jones and Davison (1998) showed that discriminability of a responsereinforcer relation decreased as the time since a changeover increased. This effect illustrates that discriminability can be affected by temporal factors. Killeen and Smith (1984) proposed a related account that does explain how the longer wheel-running reinforcer duration could lead to misattribution of a reinforcer to a response alternative. In an experiment where pigeons had to discriminate whether the delivery of food was dependent on, or independent of, their behavior, as the duration of the food reinforcer increased from 1 to 4 s, accuracy deteriorated from 0.8 at 1 s to almost 0.5 (i.e., chance) at 4 s. In a comparison condition, where the duration of illumination of a hopper light was varied from 1 to 4 s, accuracy only decreased from 0.8 to about 0.73. According to Killeen and Smith, time spent consuming the reinforcer had a memory erasure effect that reduced the pigeon's ability to report on the source of the food. If time spent running is akin to time spent consuming food with respect to this effect, then the longer duration during which the rats are running would lead them to less accurately attribute a reinforcer to the correct alternative. Belke (2006b) suggested that this may account for why rats fail to show a preference for a longer (i.e., 50 s) over a shorter (i.e., 10 s) wheelrunning reinforcer.
A third possibility for a lack of sensitivity to differences in reinforcement schedules is the low apparent value of an opportunity to run as a reinforcer. Belke et al. (2006) showed that on concurrent VI schedules, rats were indifferent between a 30-s opportunity to run and a drop of 2.5% sucrose solution. Consistent with this, Belke and Hancock (2003) showed that on fixed interval (FI) 30-s schedules, a 15-s opportunity to run produced a response rate function roughly equivalent to that produced by a drop of 2.5% sucrose solution. If sensitivity to differences in reinforcement schedules is affected by the value of the reinforcers, then at low values, rats may be less sensitive than at higher values.
In the current study, sensitivity to differences in reinforcement schedules as a function of reinforcer type was investigated by exposing rats to concurrent ratio schedules in which the response requirement for a reinforcer was initially low (i.e., FR 4) on both alternatives and then the response requirement on the initially preferred alternative was systematically increased (i.e., 6, 8, 12, 16, 24, 32, 40, 56, 72, and 88 responses) . As the response requirement increased, one would predict that the rats should rapidly shift exclusively or nearly exclusively to the alternative with the unchanged schedule requirement. This procedure was carried out with wheel running as the reinforcer on both alternatives and with sucrose as the reinforcer on both alternatives.
When Petry and Heyman (1995) used this procedure with concurrent VR schedules and sucrose reinforcement, they found that all rats switched almost exclusively to the unchanged alternative (i.e., VR 8) when the ratio requirement on the other alternative was increased by a factor of 1.75 (i.e., VR 14). On average, the switch occurred when the ratio requirement on the more expensive alternative was 1.5 times (i.e., VR 12) that of the cheaper alternative. When Herrnstein and Loveland (1975) used this procedure with VR schedules and food reinforcement, pigeons demonstrated exclusive preference for the lower ratio alternative when schedules differed by approximately 2:1 (e.g., 40:20) when the ratio values on both alternatives summed to 60 and closer to 4:1 (e.g., 96:24) when they summed to 120.
METHOD

Subjects
Sixteen female Long Evans rats obtained from Charles River Laboratories in St Constant, Quebec served as subjects. The rats were not experimentally naïve-they were exposed to basic classical and operant conditioning techniques in laboratory exercises in a conditioning course and then subsequently participated in an operant investigation of wheelrunning reinforcement. At the point where the animals commenced the first condition of this study, the animals were approximately 1.5 years old. The rats were housed individually in polycarbonate cages (480 mm long by 270 mm wide by 220 mm high) in a holding room on a 12 hr light/dark cycle, with the lights coming on at 0730. Distilled water was available at all times in the home cage. The rats were maintained at a target weight approximately 85% of a free-feeding body weight taken when the rats' weight exceeded 300 grams (i.e., adult weight). Target weights varied around 260 +/2 10 g.
Apparatus
Four activity wheels were used for the experimental sessions; two Wahmann (355 mm in diameter) and two Lafayette Instruments (350 mm in diameter) activity wheels. All wheels were located in sound-attenuating shells equipped with fans to mask extraneous noise and to provide ventilation. A solenoid-operated brake was attached to the base of each wheel. When the solenoid was operated, a rubber tip attached to a metal shaft contacted the outer rim of the wheel and brought the wheel to a stop. Two 24-VDC lights mounted on the wheel frame served to illuminate the interior of the wheel chamber.
Revolutions were recorded by a microswitch attached to the wheel frame.
A Plexiglas panel (162 mm high by 181 mm wide by 5 mm thick) that held two response levers, two stimulus lights, and a solution receptacle was attached to each wheel frame by Velcro. The levers were 15 mm wide, 45 mm apart, and extended 20 mm beyond the surface of the panel. They were located 119 mm from the base of the panel and required between 0.3 and 0.4 N of force to close the microswitch. Levers were paired according to the force requirement to reduce response bias. A solution receptacle (38 mm by 31 mm by 61 mm) was located in the space between the two levers. Sucrose solution was contained in a cylindrical dispenser and delivered into the receptacle via a solenoid valve controlled by a Lafayette Instruments Co. Model 80201 liquid dispenser. Sucrose dispensers were 38 mm in diameter, 108 mm long, and held in place by a metal clamp above the receptacle. When the panel was attached to the wheel, the levers extended through an opening (70 mm by 90 mm) and were 75 mm above the floor of the wheel. Yellow LED lights (3 mm in diameter) were located 7 mm above each lever. Control of experimental events and recording of data were handled by a Borland Turbo Pascal 4.0 program run on IBM PC computers interfaced to the wheel through the parallel port.
Procedure
Initial Training. Training the animals to press for the opportunity to run in a wheel occurred in a different set of running wheels equipped with retractable levers (MED Associates ENV-112), a solenoid-operated brake, and 24-VDC lights. In this phase, rats were given the opportunity to run for 30 min each day. After 30 sessions, the opportunity to run for 60 s was made contingent upon a single press (FR 1) of the retractable lever. A lever press caused the lever to retract and the brake to release. The wheel was free to turn for 60 s. After 60 s the brake was engaged and the retractable lever extended. A session terminated when 30 reinforcers were obtained. This schedule remained in effect for 6 sessions. Following this, the rats experienced VR 3, VR 5, and VR 9 schedules for 6, 8, and 10 sessions, respectively. Upon completion of these sessions, the rats were placed on an FR schedule of wheel-running reinforcement to participate in another experiment.
Training on concurrent schedules. Following completion of this other experiment, the rats were trained for responding on concurrent schedules by first being exposed to concurrent VR 5 VR 5 schedules with the reinforcer on each alternative being the opportunity to run for 20 revolutions. When the schedules were in effect, the yellow LED stimulus lights over the lever were illuminated and the brake was engaged. Each lever press extinguished the LED stimulus light above it for .08 s. When the schedule requirement on either alternative was met, the yellow LED stimulus lights were extinguished, the brake was disengaged, and the 24-VDC lights on the sides of the wheel frame were illuminated. When 20 revolutions had occurred, the 24-VDC side lights were extinguished, the brake was engaged, and the yellow LED stimulus lights were illuminated. Sessions ended when the rats had allocated 150 lever presses between the alternatives. Rats remained on this schedule for 20 sessions.
The rats were then exposed to concurrent FR 4 FR 4 schedules with the opportunity to run for 30 s as the reinforcer on each alternative for 20 sessions. The stimulus conditions were the same as described above. Sessions ended after 1 hr. Initial side preferences were determined as the alternative with the greater average number of responses over the last five sessions. These preferences were used to determine the alternatives on which the ratio would remain constant and on which the ratio requirement would be systematically incremented. The alternative that was initially preferred determined the alternative on which the ratio requirement would be raised. Based on this determination the left alternative was incremented for 10 rats (ND 2, 3, 5, 8, 9, 13, 15, 17, 18, and 19) and the right for 6 rats (ND 7, 10, 11, 14, 16, and 21) .
At this point, half the rats were selected to begin responding on concurrent FR 4 FR 4 schedules with 0.1 ml of 7.5% sucrose as the reinforcer on each alternative while the other half would have a 30-s opportunity to run as the reinforcer on each alternative. Rats ND 5, 7, 8, 10, 14, 16, 17 , and 19 began with sucrose while ND 2, 3, 9, 11, 13, 15, 18, and 21 began with wheel running. With sucrose reinforcement, the stimulus conditions were the same as described previously except that when a drop of sucrose solution was delivered the brake remained engaged and the lights at the side of the wheel remained on for 2.5 s to allow time for consumption. After 2.5 s elapsed, the side lights were extinguished and the yellow LED stimulus lights over the levers were illuminated to signal that the reinforcement schedule was in operation. To accommodate the difference in reinforcer durations, the duration of a session was 1 hr when the reinforcer was wheel running and 15 min when the reinforcer was sucrose. Wheel-running and sucrose reinforcement were assigned so that within each of the four running wheels, 2 rats were exposed to the reinforcer types in the wheel running then sucrose order and 2 were exposed to the reverse order.
Between exposures to each type of reinforcer, rats were exposed to concurrent FR 4 FR 4 schedules of wheel-running and sucrose reinforcement with a budget of 120 presses. The schedule was programmed so that sucrose reinforcement would occur on the increasing ratio requirement alternative from the previous series when the previous series involved wheelrunning reinforcement, and that wheel-running reinforcement would occur on the constant ratio requirement alternative from the previous series when that series involved sucrose reinforcement. In other words, the tendency for rats to shift responding toward sucrose in preference to wheel running was used to break down the preference for an alternative that would have developed for the constant ratio requirement alternative. This schedule remained in effect until the preference showed signs of breaking toward indifference. Once the established preference showed signs of breaking down (e.g., decreased to between .50 and .60, approximately), the animal was exposed to the concurrent FR 4 FR 4 schedules with the other type of reinforcer available on both alternatives (i.e., if a rat completed a series with sucrose on both reinforcers, then once the established preference broke, the animal began the next series with wheel running on both alternatives).
Starting with concurrent FR 4 FR 4 schedules with each reinforcer type, the schedule on the increasing ratio alternative was increased across values of 6, 8, 12, 16, 24, 32, 40, 56, 72 , and 88 responses. Increments were smaller initially because of the expectation that the shift toward near-exclusive preference would occur when there was a relatively small difference between the schedule requirements. Near-exclusive preference was defined as a response allocation on the alternative with the lower response requirement greater than 90%. A schedule requirement was changed when the following three criteria were met. First, the animal had to complete a minimum of eight sessions under a given requirement. Second, response rates within the last three sessions on both alternatives could not be lower or higher than those which had occurred on that alternative over all previous sessions on that schedule pair (i.e., no new low or high values). Third, there could be no trend in the response rates on either alternative. The ratio requirement with each reinforcer type was increased until the response allocation on the alternative where the response requirement remained FR 4 was greater than 90% in each of the three sessions that met the stability requirement or until stability at the highest ratio requirement had occurred without producing near exclusive preference for the unchanged alternative.
Dependent measures. Lever presses, time spent on, changeovers to, and reinforcers obtained from each alternative were recorded during each session, as well as number of wheel revolutions. Time on an alternative was defined by changeovers; that is, an animal was considered being on an alternative, and time was accumulated, until a response was made on the other alternative. Time taken to complete a session was also recorded. Figure 1 shows the distribution of ratio values at which the criterion of 90% of responses on the unchanged ratio alternative was met when the reinforcers were wheel running and sucrose with some exceptions. First, ND 15 died suddenly before completing the first series with wheel-running reinforcement and was not included in the analyses. Second, although ND 5 did not complete the wheel-running series, her last completed value on this series was greater than the value completed for sucrose; consequently, it was included in the distribution of values for wheel running. Third, with respect to ND 10 and ND 18, the final ratio value of 88 was included in the wheel-running distribution even though the 90% criterion had not been met by this ratio. Finally, the data value for ND 14 was an outlier (. 3 S.D. above the mean) in the sucrose distribution. Means were calculated and analyses conducted with the data values for this rat included and excluded. Data for this and all subsequent analyses are provided in the Appendix.
RESULTS
Mean ratios for wheel running and sucrose with ND 14 included were 32.6 and 15.1, respectively; with ND 14 excluded, 31.0 and 11.0, respectively. Paired t-test comparisons revealed that the ratio required to meet the 90% requirement was significantly lower when the reinforcer was sucrose, with ND 14 included, t(14) 5 2.28, p 5 .04, two-tailed, and with ND 14 excluded, t(13) 5 2.54, p 5 .02, two-tailed.
Although the order of exposure to the different reinforcer types was approximately counterbalanced across the two series, it is possible that rats could achieve the criterion at a lower ratio on the second exposure regardless of type of reinforcer. If there was no difference between the two reinforcers in terms of obtained criterion values, then an effect of repeated exposure, if one occurred, could be observed. In contrast, if, as hypothesized, the criterion value for sucrose would be lower, then a lower criterion value should be more likely for rats exposed to wheel running first, but less likely for those exposed to sucrose first. Evidence consistent with this hypothesis would mitigate against an order effect. Analysis showed that criterion values from first exposure (M 5 26.3 responses) were not significantly greater than those for second exposure (M 5 21.5 responses), t(14) 5 0.54.
Figures 2 and 3 show the percentage of responses on the increasing ratio alternative as a function of the fixed-ratio requirement on that alternative for wheel running and sucrose for different subsets of the rats. The dotted line represents the point at which 90% of responses were allocated on the constant ratio alternative. Visual inspection of these figures reveals the different patterns of changes in relative responses on this alternative across the different reinforcer types. For ND 2, 14, and 17 the values that met the criterion were higher for sucrose. Response allocation on this alternative decreased more rapidly with wheel running as the reinforcer for these rats. For ND 7, 8, and 13 the values that met the criterion were equivalent for both reinforcer types. Response allocation declined similarly with both reinforcers for ND 7 and ND 13; however, for ND 8, response allocation with wheel running did not systematically decline. Finally, for ND 3, 5, 9, 10, 11, 16, 18, 19, and 21 the values that met the criterion were higher for wheel running. Of the rats in this last grouping, several observations can be made. For ND 9, response allocation to this alternative decreased more slowly when wheel running was the reinforcer. For ND 3, 11, and 16, response allocation initially increased then decreased when wheel running was the reinforcer, but only decreased when sucrose was the reinforcer. For ND 10, 18, and 19, response allocation to this alternative decreased initially, but then slowed in its decline as the ratio requirement further increased. In contrast, response allocation when sucrose was the reinforcer declined as the ratio initially Fig. 1 . Ratio values that met the criterion of . 90% of responses on the constant ratio alternative when the reinforcers were wheel running and when they were sucrose for each rat. Note that in cases where the rat did not meet this criterion, the highest ratio value was used. The solid and broken lines represent the mean values with the data from the rat that produced the outlier value in the sucrose distribution included and excluded, respectively.
increased. For ND 21, response allocation to this alternative did not change with the initial increase in the ratio requirement, but then declined. Finally, ND 5 showed little change in response allocation over the ratios completed when wheel running was the reinforcer, but showed a marked decline in allocation when sucrose was the reinforcer.
Figures 4 and 5 show total responses allocated to both alternatives, responses allocated to the constant ratio alternative, and responses allocated to the increasing ratio alternative Fig. 2 . Percent of responses allocated to the increasing ratio alternative when wheel running (filled circles) and sucrose (unfilled circles) were the reinforcers for rats ND 2, 3, 5, 7, 8, 9, 11, and 13 . The dotted line represents the point at which the series of increasing ratio requirements would be terminated because more than 90% of responses would be allocated to the constant ratio alternative.
with wheel running as the reinforcer for different subsets of the rats. The changes in response allocation depicted in Figures 2 and 3 might reflect reallocation of responses to the constant ratio alternative as the ratio requirement on the other alternative increased. This assumes that total responses remained constant and that reallocation was the only process occurring. However, if total responses increased, then the additional responses could Fig. 3 . Percent of responses allocated to the increasing ratio alternative when wheel running (filled circles) and sucrose (unfilled circles) were the reinforcers for rats ND 10, 14, 16, 17, 18, 19, and 21 . Note that the scale on the abscissa is different for ND 10, 14, 18, and 21 because the data for these rats were extended over a much greater range than that for the other rats. The dotted line in each graph represents the point at which the series of increasing ratio requirements would be terminated because more than 90% of responses would be allocated to the constant ratio alternative.
be allocated to the constant alternative, the increasing ratio alternative, or both. If they are allocated to the increasing ratio alternative then this would counter the effects of reallocation. Visual inspection of the figures shows that, in general, total responses (filled circles) increased as the ratio requirement was initially being increased then decreased. This pattern of changes is clearly evident for 12 of 15 rats. For ND 2, 8, and 17, total responses decreased as the ratio requirement increased. Fig. 4 . Total responses allocated (filled circle), responses allocated to the increasing ratio alternative (unfilled circle), and responses allocated to the constant ratio alternative (inverted filled triangle) when the reinforcer was wheel running for rats ND 2, 3, 5, 7, 8, 9, 11, and 13. With respect to the increasing ratio alternative (unfilled circles), responses allocated to this alternative showed a similar patternincreased then decreased as the ratio requirement increased. Specifically, ND 3, 7, 10, 11, 14, 16, 17, 18 , and 21 showed initial increases followed by decreases. In contrast, for ND 2, 8, 9, 13, and 19, responses on the increasing rate alternative decreased as the ratio requirement increased. For ND 5 allocation to this alternative remained relatively constant as the ratio requirement increased. , responses allocated to the increasing ratio alternative (unfilled circle), and responses allocated to the constant ratio alternative (inverted filled triangle) when the reinforcer was wheel running for rats ND 10, 14, 16, 17, 18, 19, and 21 . Note that the scale on the abscissa is different for ND 10, 14, 18, and 21 because the data for these rats were extended over a much greater range than that for the other rats.
With respect to the constant ratio requirement alternative (triangles), as would be expected, with the exception of ND 8, responding on this alternative generally increased as the ratio requirement increased across all rats. The rats differed with respect to how rapidly allocation to this alternative increased and at what ratio responses allocated to this alternative constituted total responses or nearly all the responses allocated. For rats ND 5, 10, and 18, responses to this alternative never constituted total responses allocated, because a substantial number of responses continued to be allocated to the increasing ratio alternative. For ND 8, allocation to this alternative decreased as the requirement on the increasing ratio alternative increased; however, this change occurred in conjunction with a decline in total responses.
Figures 6 and 7 depict total responses allocated to both alternatives, responses allocated to the constant ratio alternative, and responses allocated to the increasing ratio alternative with sucrose reinforcers for different subsets of the rats. Unlike the previous set of figures, this set shows that as the ratio requirement increased, responses quickly shifted away from the increasing ratio alternative toward the constant ratio alternative for 14 of 15 rats (the exception being ND 14). With respect to total responses allocated, as with wheel running there was an increase in total responses as the ratio requirement increased. With the exception of ND 18, all rats showed some increase in total responses with the initial increments in the ratio requirement. For some rats (ND 2, 7, 8, 14, 17, 19, and 21) , this initial increase was followed by a decrease. ND 14 showed an increase followed by a decrease followed by an increase as the ratio requirement increased.
With respect to the increasing ratio alternative, response allocation declined as the ratio requirement increased for 11 of 15 rats. Only ND 7 and 19 showed an initial increase followed by a decrease. Rat ND 2 showed no change followed by a decline in responses as the ratio requirement increased. ND 14 showed a slower decline in responses allocated to this alternative.
With respect to the constant ratio alternative, responses allocated to this alternative increased rapidly as the ratio requirement increased for 13 of 15 rats. Response allocation to this alternative also increased for ND 21, although less rapidly than for the other rats. For ND 18, responses to this alternative were close to the total number of responses and did not change. Instead, total responses decreased and responses on the increasing ratio alternative decreased so that responses on the constant ratio alternative constituted total responses. Figures 8 and 9 show the total number of changeovers expressed as a percent of total responses for sucrose and wheel-running reinforcement for different subsets of the rats. Visual inspection of these figures suggests that for sucrose, changeovers as a percent of total responses decreased rapidly as the ratio requirement increased for 12 of 15 rats. For rat ND 7, changeovers as a percent of total responses did not decrease while for ND 14 and 17, changeovers increased then decreased. In contrast, for wheel running, the patterns of change were different. For ND 5, 7, 8, 10, 11, 13, and 21 changeovers as a percent of total responses increased or did not change across initial increments in the ratio requirement. For ND 2, 9, 14, 16, 18, and 19 changeovers as a percent of total responses decreased, although less rapidly than they did for sucrose. Table 1 shows overall response rates (presses/ min), local response rates (presses/min), mean postreinforcement pause durations (s) and changeover rates (changeovers/min) from the initial equal FR 4 ratio conditions with wheelrunning and sucrose reinforcement for each rat. Overall response rates were calculated as lever presses on an alternative divided by time spent lever pressing plus postreinforcement pause duration. Local response rates were calculated as lever presses on an alternative divided by time spent lever pressing on an alternative.
Mean overall rates for sucrose and wheelrunning reinforcement were 43.8 and 9.8 presses per min, respectively. A paired t-test comparison revealed that overall response rates generated by sucrose were greater than those generated by wheel running, t(14) 5 24.85, p , .001. Similarly, sucrose generated a higher local response rate, t(14) 5 23.08, p , .01. Mean local response rates for sucrose and wheel-running reinforcement were 138.8 and 75.5 responses per min, respectively. Sucrose also produced a shorter mean PRP than wheel running, t(14) 5 5.52, p , .001. Mean postreinforcement pauses for sucrose and wheel running were 4.7 s and 24.2 s, respectively.
Changeovers as a percent of total responses can vary as a function of changeover rate or total responses. That is, if wheel-running reinforcement engenders a higher rate of switching between alternatives than does sucrose, then given equivalent total responses, the percentage of total responses that are changeovers would be higher for wheel running. Alternatively, if wheel-running and sucrose reinforcement did not differ with respect Fig. 6 . Total responses allocated (filled circle), responses allocated to the increasing ratio alternative (unfilled circle), and responses allocated to the constant ratio alternative (inverted filled triangle) when the reinforcer was sucrose for rats ND 2, 3, 5, 7, 8, 9, 10, and 11. Fig. 7 . Total responses allocated (filled circle), responses allocated to the increasing ratio alternative (unfilled circle), and responses allocated to the constant ratio alternative (inverted filled triangle) when the reinforcer was sucrose for rats ND 13, 14, 16, 17, 18, 19, and 21 . Note that the scale on the abscissa is different for ND 14 because the data for this rat were extended over a much greater range than that for the other rats.
to the rate of switching, then changeovers would only constitute a higher percentage of total responses with wheel running as the reinforcer if wheel running generated fewer total responses than sucrose. Table 1 suggests that the latter is the case. Mean rates of changeovers with wheel-running and sucrose reinforcement were 17.1 and 17.9 changeovers/min, respectively. A paired t-test revealed no significant difference in the rate of changeovers occurring when wheel running and sucrose were the reinforcers, t(14) 5 20.3. With respect to previous reports that changeovers constitute a higher percentage of Fig. 8 . Changeovers as a percentage of total responses as a function of fixed ratio schedule value for wheel running (filled circles) and sucrose (unfilled circles) reinforcement for rats ND 2, 3, 5, 7, 8, 9, 11, and 13. total responses when wheel running was the reinforcer (Belke & Belliveau, 2001; Belke et al., 2006) , these data suggest that those observations arose because wheel running generates a lower local response rate. Figure 10 shows mean response proportions on the increasing ratio requirement alternative, mean changeovers as a percent of total responses, mean total responses, and mean responses on the increasing and constant ratio Fig. 9 . Changeovers as a percentage of total responses as a function of fixed ratio schedule value for wheel running (filled circles) and sucrose (unfilled circles) reinforcement for rats ND 10, 14, 16, 17, 18, 19, and 21 . Note that the scale on the abscissa is different for ND 10, 14, 18, and 21 because the data for these rats were extended over a much greater range than that for the other rats.
alternatives with sucrose and wheel-running reinforcement when the ratio requirement on the increasing alternative was 4, 6, 8, and 12 responses for the group. The upper left panel shows that as the ratio requirement increased, responses allocated to the increasing rate alternative decreased with sucrose and wheelrunning reinforcement. Initial allocations were equivalent, but when the ratio requirement was increased from 4 to 6 responses, responses allocated to this alternative decreased to a greater extent with sucrose as the reinforcer. With subsequent increases (i.e., 6 to 8 responses and 8 to 12 responses), decreases in responding were equivalent for both types of reinforcers leading to parallel lines describing response proportion decreases. The upper right panel shows that as the ratio requirement increased, changeovers as a percent of total responses decreased when sucrose was the reinforcer, but remained unchanged when wheel running was the reinforcer. The lower left panel shows that as the ratio requirement increased, total responses allocated increased with both reinforcers. This figure also shows that 0.1 ml of 7.5% sucrose generated more responses than did a 30-s opportunity to run.
Finally, the bottom right panel in Figure 10 shows that, for sucrose, responses allocated to the constant ratio alternative increased as responses on the increasing ratio alternative decreased-the changes are symmetrical suggesting that they reflect reallocation. When the ratio requirements were equal, more responses were being allocated to the increasing ratio alternative; however, with the first increment to 6 responses, this difference was reversed. The functions for wheel running appear quite different. As the ratio requirement increased from 4 to 6 responses, responses allocated to the constant alternative increased; however, responses allocated to the increasing ratio alternative did not decrease. Instead, responses to this alternative remained relatively constant or increased slightly. With the next increment from 6 to 8 responses, responses allocated to the constant alternative continued to increase and responses to the increasing ratio alternative began to decrease. The increment from 8 to 12 responses led to further increments and decrements in responses to the constant and increasing ratio alternatives, respectively.
DISCUSSION
Conventional wisdom has it that on concurrent ratio schedules when the schedule requirements are equivalent, unlike concurrent interval schedules, the schedules do not operate to produce any specific allocation. As the schedule requirements diverge from equality by a factor of 2 or more, exclusive preference rapidly develops for the alternative with the lower ratio requirement (Davison & Table 1 Overall response rate (presses/min), local response rate (presses/minute), mean postreinforcement pause (s), and changeover rate (changeovers/min) for the concurrent FR 4 FR 4 condition with wheel-running and sucrose reinforcement. McCarthy , 1988; Nevin, 1982) . Results from the research literature (e.g., Herrnstein, 1970; Herrnstein & Loveland, 1975; MacDonall, 1988; Petry & Heyman, 1995) are the empirical basis for this understanding and this result is predicted by theories of choice such as melioration and maximization (Herrnstein, 1982; Herrnstein & Vaughan, 1980; Vaughan, 1981 ).
Rat
In the current study sucrose, but not wheelrunning reinforcement, conformed to this description of performance on concurrent ratio schedules. With wheel-running reinforcement, exclusive preference did not develop as rapidly as the ratio requirements began to differ in the majority of rats. In the most extreme cases, exclusive preference for the alternative with the lower ratio requirement did not develop even when the schedule values differed by a factor of 22 to 1. Although a few animals developed near-exclusive preference at lower ratios for wheel running than for sucrose reinforcement, for the majority of rats this criterion was met at a higher ratio with wheel-running reinforcement.
The data suggest that this difference between sucrose and wheel-running reinforcement arose due to several factors. Total responses generated increased as the ratio requirement increased for both reinforcer types; however, it appears that the additional responses may have been differentially distributed between the two alternatives. For sucrose, the allocation of responses as a function of changes in the ratio requirement suggests that responses were shifting away from the increasing ratio alternative and toward the constant ratio alternative. Additional responses generated did not affect this reallocation and exclusive preference rapidly developed. In contrast, with wheel-running reinforcement, as the ratio requirement increased, more responses were allocated to the constant ratio alternative; however, this was not accompanied by a decline in responses allocated to the increasing ratio requirement.
The procedure of raising the ratio requirement on the alternative with the higher initial preference raises the possibility that the rats had a bias toward that alternative which contributed to allocation of responses to that alternative as the ratio requirement was initially increased. Although this is possible, the ratio was increased on the same alternative for both reinforcer types and there is no reason to assume that there should be a bias with one, but not the other. Furthermore, in a preliminary unpublished experiment with wheel running as the reinforcer on both alternatives, the side on which the ratio schedule was increased was reversed and the effect was symmetrical. If side bias was playing a role, one would expect asymmetry. Side bias would lead to a higher ratio requirement to meet the 90% criterion when the ratio was raised on one alternative, but not on the other. Finally, the initial preferences, expressed as an absolute difference from 0.50, were not significantly correlated with the ratio that met the 90% criterion with wheel-running reinforcement, r(13) 5 2.32, the ratio that met the 90% criterion with sucrose reinforcement, r(13) 5 2.14, or the difference between the ratios that met the 90% criterion, r(13) 5 2.24.
The other substantive difference between wheel-running and sucrose reinforcement was that changeovers as a percent of total responses did not decrease with wheel running. With sucrose, as responses shifted toward the constant-ratio alternative, changeovers as a percent of total responses decreased as responding on the increasing ratio alternative decreased. Previous studies with food reinforcers have also found that changeover responses to the alternative with the lower rate of reinforcement typically decrease as preference for the higher rate alternative increases and approaches exclusive preference. However, with wheel-running reinforcement, there was a shift in preference toward the lower ratio alternative, but this shift in preference was not associated with a decline in changeovers. Changeovers to the higher-ratio alternative continued even though the ratio requirement for this alternative continued to increase and responses were reallocated to the constantratio alternative. Responding on the increasing-ratio alternative continued as the ratio requirement increased because changeover responses to this alternative were largely unaffected by continued increments in the ratio requirement. This could account for why exclusive preference for the constant-ratio requirement did not develop in some animals even though the ratio requirement on the other alternative was 22 times greater.
Another observation that might be important for explaining these data is that the rate of changeovers per unit time spent responding did not differ for the two types of reinforcers. In other words, per unit of time spent responding (excluding PRPs), changeover responses occurred just as frequently when wheel running was the reinforcer as when sucrose was the reinforcer. Although this rate of occurrence of changeovers did not differ, local response rates did. The local response rate generated by 0.1 ml of 7.5% sucrose was higher than that generated by a 30-s opportunity to run. In other words, per unit of time spent responding, sucrose generated more responses than did wheel running. Therefore, the higher percentage of total responses that were changeover responses when the reinforcer was wheel running occurred because wheel running generated fewer total responses, not more changeovers per unit time.
If the difference in response generation between a 30-s opportunity to run and a drop of 7.5% sucrose solution reflects a difference in value, then a 30-s opportunity to run would be equivalent to a drop of a lower percentage sucrose solution (see Belke & Hancock, 2003; Belke et al, 2006) . Combined with the assumption that the rate of changeovers does not vary with value, this implies that for lower value reinforcers, a greater percentage of total responses will be changeover responses. As changeover responses come to constitute a higher percentage of total responses, this may enable a shift in response allocation to occur in response to changes in reinforcement contingencies without a decline in changeovers as occurred in the current study. The possibility that the important difference between wheel running and sucrose is one of value can be assessed by replicating this procedure across a range of sucrose concentrations that include low concentrations of sucrose (e.g., 2%)
As discussed in the introduction, another explanation for the lack of sensitivity to differences between reinforcement schedules has to do with inaccurate assignment of reinforcers to the alternative sources of reinforcement. Killeen and Smith's (1984) work suggested that this occurred due to the duration of time spent consuming a reinforcer. In the current study, the time period programmed for consumption of the sucrose reinforcer (2.5 s) was short relative to the time available for the rats to run (30 s). Furthermore, the average time following the termination of the programmed consumption period for sucrose before the rats began to lever press (i.e., the PRP) was also substantially shorter than the time following the termination of a running period before the rats begin to respond again. On average, the time between when a sucrose reinforcer was delivered and the next lever press was 7.2 s (2.5 s + 4.7 s) [median 4.7 s]. In contrast, the average time between when an opportunity to run began and the next lever press was 54.1 s (30 s + 24.1 s) [median 48 s] .
The time differences between the reinforcers and the subsequent PRPs are sufficiently large to warrant serious consideration as a factor in the observed differences with sucrose and wheel-running reinforcement. However, it should be noted that the reinforcer durations were the same for all rats, yet whereas most rats showed lower sensitivity to ratio differences with wheel running, a few showed lower sensitivity with sucrose, and a few showed approximately equivalent sensitivity with the two types of reinforcers. Nor is there any apparent relationship between PRP duration and the ratios at which rats met the 90% criterion for wheel running relative to sucrose reinforcement. Regardless, future research could assess this potential explanation better by programming equivalent reinforcer durations.
With respect to the Davison and Jenkins (1985) contingency discrimination model, it is possible that the increase in responses to the increasing ratio alternative when the ratio requirement was initially increased could have arisen due to the rats' inaccurate assignment of reinforcers. This would be consistent with the increases in, or lack of change in, relative response allocation to the increasing-ratio alternative observed in many rats as the ratio requirement initially increased. Similarly, the higher percentage of responses that were changeovers and the failure for changeovers to decrease as the ratio requirement increased could also have arisen due to confusion. However, not all data appear consistent with this model. First, the proportion of responses allocated to the increasing-ratio alternative decreased for both types of reinforcers as the ratio requirement initially increased. As such, relative response allocation appeared to be responsive to changes in ratio requirements with both types of reinforcers.
Second, for the rats whose responses shifted to the constant ratio alternative and then allocation leveled off and appeared relatively insensitive to further increases in the ratio requirement, responses on the increasing ratio alternative primarily were composed of changeover responses. If this was occurring due to inaccurate assignment of reinforcers to this alternative, one would expect there to be more responses that were not changeover responses.
What are the implications of these findings for theories of choice behavior? With sucrose reinforcement, responses shifted to the constant-ratio alternative and the percentage of total responses that were changeovers de-creased as the ratio requirement increased on the other alternative. The covariance of these changes would be well described by a theory of choice that assumes that response allocation is a function of a single variable such as relative rate of reinforcement. In contrast, with wheelrunning reinforcement, responses shifted to the constant-ratio alternative, but changeovers as a percent of total responses were unaffected. Furthermore, for some animals, as the ratio requirement continued to increase, response allocation leveled out short of exclusive preference and remained relatively unaffected by further ratio increments. This pattern suggests that changeovers and responses other than changeovers were under the control of different variables and in this case, they did not covary. If this is the case, then describing these data would be problematic for any theory of choice that requires changeover responses to covary with changes in responses other than changeovers (e.g., melioration, maximization). Instead, a theory of choice would have to postulate separate sources of control over changeover responses and responses other than changeovers that could interact and either covary or not in order to be able to describe the data for both reinforcer types.
Finally, the findings from the current study provide an account for the lower sensitivity of response allocation to relative reinforcement rates compared to time allocation that was observed by Belke and Belliveau (2001) . To the extent that responses on the alternative with the lower reinforcement rate were predominantly changeover responses followed by a quick return to the other alternative, the rats would allocate a single response and a fairly small amount of time to this alternative. On the alternative with the higher reinforcement rate, where the rat would make several successive responses, a low response rate would lead to a greater allocation of time than responses to this alternative. That is, time allocated to an alternative is greater when the time between responses is longer than when it is shorter. The combined effect of a low response rate when a rat was making successive responses on the higher-reinforcement rate alternative and the allocation of mostly changeover responses on the low-reinforcement rate alternative would be more extreme time than response ratios as the relative rates of reinforcement diverged from equality. This difference would translate into greater sensitivity for time allocation than for response allocation. Removing changeover responses from both alternatives would correct for this effect by increasing response ratios.
In sum, when sucrose was the reinforcer, preference shifted as the ratio requirement on one alternative was initially incremented, and near-exclusive preference developed for the unchanged alternative when the difference was quite small. In contrast, when wheel running was the reinforcer, preference shifted as the ratio requirement increased, but unlike sucrose, this shift in preference was not accompanied by a decline in changeover responses. Consequently, near-exclusive preference did not develop until the difference in ratio schedule values was much greater, and sometimes not at all. This pattern of results on concurrent-ratio schedules has not been previously reported and contradicts the pattern of choice predicted by theories such as melioration and maximization (Herrnstein, 1982; Herrnstein & Vaughan, 1980; Vaughan, 1981) .
APPENDIX
Mean responses (resp), reinforcers (reinf), time (s), changeovers (CO), and revolutions (Revs) on the left (L) and right (R) alternatives from the three sessions that met the stability criteria for each concurrent FR FR schedule with wheel running (W) and sucrose (S) reinforcement for each rat. Time spent lever pressing is exclusive of reinforcer duration, but not postreinforcement pause duration. Wheel revolutions were zero in the sucrose conditions. Schedule (sched) values on the left and right alternatives are noted and the number of sessions to stability (SS) is also provided.
